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cleus and subsequently activate transcription factors to
promote gene transcription and new protein synthesis
(Schafe et al., 2000). The demonstration of an inhibition
of memory consolidation by pharmacological blockade
of protein synthesis, PKA, or MAPK is consistent with
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learned fear, the signaling pathway is still not completely
known.
Phosphatidylinositol 3-kinase (PI-3 kinase) catalyzesSummary
the transfer of -phosphate of ATP to the D-3 hydroxy
group of the inositol headgroup of phosphoinositides.Western blot analysis of neuronal tissues taken from
fear-conditioned rats showed a selective activation It is first found that the levels of 3-phosphorylated phos-
phoinositides are increased in transformed and/or mito-of phosphatidylinositol 3-kinase (PI-3 kinase) in the
amygdala. PI-3 kinase was also activated in response gen-stimulated cells implicating a role played by the PI-3
kinase in oncogenic and mitogenic signal transductionto long-term potentiation (LTP)-inducing tetanic stim-
ulation. PI-3 kinase inhibitors blocked tetanus-induced (Wymann and Pirola, 1998). PI-3 kinase has also been
suggested to participate in nerve growth factor (NGF)-LTP as well as PI-3 kinase activation. In parallel, these
inhibitors interfered with long-term fear memory while and glial cell line-derived neurotropic factors (GDNFs)-
mediated survival of sympathetic (Crowder and Free-leaving short-term memory intact. Tetanus and for-
skolin-induced activation of mitogen-activated protein man, 1998) and spinal cord motoneurons (Soler et al.,
1999). Although a recent study implied that PI-3 kinasekinase (MAPK) was blocked by PI-3 kinase inhibitors,
which also inhibited cAMP response element binding may play a role in the expression of long-term potentia-
tion (LTP) in hippocampal dentate gyrus (Kelly andprotein (CREB) phosphorylation. These results provide
novel evidence of a requirement of PI-3 kinase activa- Lynch, 2000), data conflicted, as it was found that PI-3
kinase-deficient mice displayed an enhanced hippo-tion in the amygdala for synaptic plasticity and mem-
ory consolidation, and this activation may occur at a campal CA1 LTP, but with normal spatial memory (Jun
et al., 1998).point upstream of MAPK activation.
To identify that a signaling pathway is important for
synaptic plasticity, at least two criteria have to be ful-Introduction
filled. First, behavioral training that induces physiologi-
cal responses should be able to activate biochemicalAn understanding of emotional fear in terms of its under-
lying cellular and molecular mechanisms is not only an cascade. Second, this biochemical cascade has to be
necessary for the response to occur, and blockadeessential piece of information for pharmacological inter-
vention of anxiety and posttraumatic stress disorders within this cascade should interrupt the response. Here,
we show that the PI-3 kinase pathway meets these twobut may also provide some insight into the long-term
memory formation in the brain. Accumulated evidence criteria of a genuine signaling pathway needed for the
induction of fear-potentiated startle and LTP in theindicates that the amygdala is a crucial neural locus for
the induction and expression of fear memory (Davis et amygdala. We have first demonstrated that PI-3 kinase
is selectively activated in the amygdala following fearal., 1994; LeDoux 1994; Fendt and Fanselow, 1999;
Maren, 1999). When rats encounter a tone (conditioned conditioning, and pharmacological blockade of PI-3 ki-
nase impairs fear memory in a dose-dependent manner.stimulus [CS]) that was previously paired with noxious
stimulus (unconditioned stimulus [US]), such as foot- In in vitro slice preparation, we show that bath applica-
tion of PI-3 kinase inhibitors attenuates tetanus-inducedshock, information flows from the auditory thalamus and
cortex to the lateral (LA) and basolateral amygdala (BLA) L-LTP in the amygdala. Furthermore, we elucidate the
role of PI-3 kinase in tetanus- and forskolin-induced(LeDoux et al., 1990), where alterations of synaptic trans-
mission are thought to subserve the encoding of fear activation of MAPK signaling pathway. Our results indi-
cate that PI-3 kinase likely contributes to L-LTP and fearmemory (Rogan et al., 1997; McKernan and Shinnick-
Gallagher, 1997). Recently, it has been suggested that memory via the activation of MAPK and cAMP response
element binding protein (CREB).the changes of synaptic transmission in the LA are initi-
ated by an influx of Ca2 into cells through NMDA recep-
tors or L-type Ca2 channels (Huang and Kandel, 1998; Results
Weisskopf et al., 1999), leading to the activation of pro-
tein kinases. Once stimulated, protein kinases such as Fear Conditioning Activates PI-3 Kinase
cAMP-dependent protein kinase (PKA) or mitogen-acti- To investigate the role of PI-3 kinase in fear conditioning,
vated protein kinase (MAPK) can translocate to the nu- we determined whether conditioning is associated with
activation of PI-3 kinase. Rats were randomly assigned
to three groups: fear trained and two sets of controls1Correspondence: powu@mail.ncku.edu.tw
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Figure 1. Fear Conditioning Results in a Selective Activation of PI-3 Kinase in the Amygdala
(A) Plot of percent startle potentiation in fear-conditioned, unpaired, and naı¨ve control animals.
(B) Representative Western blots showing the transient activation of PI-3 kinase following fear training. Rats were exposed to a light repeatedly
paired with an aversive footshock or were exposed to the light and footshock in an unpaired pseudorandom fashion (unpaired control). Protein
extracts from the lateral and basolateral subregions of amygdala were analyzed with Western blotting at different time points after training.
(C) Time course of PI-3 kinase activation in the amygdala. This shows the mean SE ratios of P-Akt/Akt immunoreactivity from rats decapitated
at 5, 10, 30, 40, and 60 min (n  6 rats in each time point) after training. **p  0.01 versus unpaired control.
(D) PI-3 kinase was activated selectively in the amygdala, but not in the hippocampus or cerebellum, by fear conditioning. ***p  0.005 versus
unpaired control.
(naı¨ve and unpaired). Rats in the naı¨ve group were han- mechanisms of Akt/PKB activation (Filippa et al., 1999;
Kandel and Hay, 1999). In our system, Akt phosphoryla-dled and exposed to the conditioning chamber for an
equivalent amount of time without receiving shock. The tion is blocked by PI-3 kinase inhibitors (discussed later
in this article). Thus, it is appropriate to measure thetrained rats were exposed to a light CS, repeatedly
paired with an aversive footshock US, whereas unpaired state of Akt phosphorylation as an index of PI-3 kinase
activity. PI-3 kinase activity was determined by Westerncontrols were exposed to the CS and US in an unpaired
pseudorandom fashion. Fear memory was measured blot with an anti-phospho-Akt antibody (-P-Akt). After
behavioral training, animals were sacrificed by decapita-24 hr after training using the potentiated startle para-
digm (Cassella and Davis, 1986). Figure 1A shows that, tion, and the tissue of amygdala was removed for subse-
quent analysis. Figure 1B shows that the increase in Aktof the three groups, only rats in the trained group learned
to associate the conditioning light with shock. This was phosphorylation was transient, which peaked at 10 min
after training and subsided within 60 min [F(6, 30) 27.34,manifested as an increase in acoustic startle (172.3%
23.5% of potentiation, n  12 rats) relative to naı¨ve p  0.001]. Newman-Keuls t tests revealed that differ-
ences existed between control and 10, 30, and 40 min(7.2%  5.0%, n  6 rats, p  0.001, unpaired t test)
and unpaired controls (13.7%  7.0%, n  6 rats, p  time points for the PI-3 kinase (p  0.01). No significant
difference was detected between control and 5 min or0.01) immediately following CS presentation.
A well-documented PI-3 kinase downstream target is control and 60 min time points (p 0.05) (Figure 1C). To
determine whether activation of PI-3 kinase associatedprotein serine/threonine kinase Akt/PKB, whose activa-
tion is usually dependent on PI-3 kinase. However, in with fear memory occurred specifically within the amyg-
dala, we also quantified Akt phosphorylation in the hip-some cells, there is evidence of PI-3 kinase-independent
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Figure 2. PI-3 Kinase Inhibitors Block TS-Induced L-LTP and PI-3 Kinase Activation
(A) Synaptic potential was reversibly blocked by CNQX (10 M), confirming its mediation by glutamate receptors.
(B) L-LTP induced by four trains of TS was completely blocked in slices pretreated with wortmannin (100 nM) or LY294002 (70 M). The inset
shows the superimposed traces taken before, 10 min, and 4 hr after TS. Calibration: 0.4 mV, 10 ms.
(C) Input-output curves for fEPSP in control (closed circle) and wortmannin (open circle)-treated slices and in control (close triangle) and LY
294002 (open triangle)-treated slices.
(D) Representative Western blots and densitometric analysis of the time course of PI-3 kinase activation. Slices received low-frequency
stimulation (nontetanus control, lane 1) or were given four trains of TS and removed from the recording chamber at 10 min (lane 2), 30 min
(lane 3), or 60 min (lane 4) after the TS. Protein extracts from the lateral and basolateral subregions of amygdala were analyzed with Western
blotting. LY294002 (70 M, lane 5) and wortmannin (100 nM, lane 6) blocked TS-induced PI-3 kinase activation. ***p 0.001 versus nontetanus
control.
pocampus and cerebellum at 10 min after training. As increase is dependent on pairing light with footshock
and is restricted to the amygdala.illustrated in Figure 1D, animals that received condition-
ing trials of light paired with footshock showed an in-
crease in Akt phosphorylation in the amygdala (96.1% PI-3 Kinase Is Activated Following LTP-Inducing
5.2%, n  6 rats) compared with unpaired controls Tetanic Stimulation
(40.4%  2.4%, n  6 rats, p  0.005, unpaired t test). LTP at sensory input synapses to the LA and BLA is a
On the other hand, acquisition of visual-conditioned fear candidate mechanism for memory storage during fear
did not lead to an increase in Akt phosphorylation in conditioning (Rogan et al., 1997; McKernan and Shin-
the hippocampus (conditioned, 63.7% 4.8%; unpaired nick-Gallagher, 1997). We therefore examined whether
control, 60.9%  1.7%, n  6 rats each, p  0.1) and PI-3 kinase is activated in response to LTP-inducing
cerebellum (conditioned, 49.3%  3.6%; unpaired con- tetanic stimulation (TS) at cortical synapses to LA. Field
trol, 42.1% 1.7%, n 6 rats each, p 0.1). No change excitatory postsynaptic potentials (fEPSPs) in the LA
was observed when blotted membrane was reprobed neurons were elicited by stimulating external capsule,
with an antibody that recognizes Akt independently of which carries axons from the secondary auditory and
its phosphorylation state, suggesting that the observed perirhinal cortices to the amygdala. The external capsule
P-Akt increment is not due to an increase in the total was chosen for the site of stimulation because light
amount of Akt. These results suggest that fear condition- was used as CS in our behavioral experiments. Previous
reports suggested that input from the retina may reaching increases the activation of PI-3 kinase and that the
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Figure 3. MAPK Activation Induced by TS or Forskolin Is Blocked by PI-3 Kinase Inhibitors
(A) Representative Western blots and densitometric analysis of MAPK activation. Slices received low-frequency stimulation (nontetanus, lane
1) or were given four trains of TS in the absence (lane 2) or presence of LY294002 (70 M, lane 3) or wortmannin (100 nM, lane 4) and were
removed from the recording chamber 10 min after the TS. Protein extracts were analyzed by Western blotting with -dual-P-ERK and -ERK
antibodies. **p  0.01 versus nontetanus control.
(B) Representative Western blots and densitometric analysis of MAPK activation. Slices were not treated (lane 1) or treated with forskolin (50
M, lane 2) or Sp-cAMPS (50 M, lane 3) for 15 min. Ten minutes after washout of forskolin, protein extracts were analyzed by Western
blotting with -dual-P-ERK and -ERK. MAPK phosphorylation induced by forskolin was abolished in the presence of LY294002 (70 M, lane
4), wortmannin (100 nM, lane 5), or KT 5720 (1 M, lane 6). ***p  0.001 versus control.
LA and BLA via a projection involving the ventral lateral 4%, 86%  4%, and 86%  4% (n  6) at 1, 2, 3, and
4 hr after the stimulation.geniculate nucleus and the perirhinal cortex (Davis et
al., 1993; Campeau and Davis, 1995). The fEPSP was To determine the involvement of PI-3 kinase, we ex-
amined the effects of the selective PI-3 kinase inhibitors,largely blocked by 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX, 10 M), consistent with glutamate being wortmannin, and LY 294002 on the L-LTP. As illustrated
in Figure 2B, the same amount and pattern of stimulationthe transmitter at this synapse (McKernan and Shinnick-
Gallagher, 1997; Weisskopf et al., 1999; Huang et al., elicited a gradually decaying L-LTP in wortmannin (100
nM)-treated slices. The fEPSP slopes at 1, 2, 3, and 4 hr2000) (Figure 2A). Figure 2B shows that delivery of four
sets of TS at an interstimulus interval of 3 min produced after the stimulation were 134%  23%, 108%  26%,
86% 14%, and 88% 14% (n 6) of control, respec-a long-lasting robust enhancement of synaptic re-
sponses in control slices. The slopes of fEPSP were tively. The difference between control and the wortman-
nin-treated group was statistically significant at 1 (p 213% 18%, 201% 15%, 189% 16%, and 178%
17% (n  6) at 1, 2, 3, and 4 hr after the stimulation, 0.05), 2 (p  0.05), 3 (p  0.01), and 4 hr (p  0.005)
after TS. Similarly, pretreatment of slices with LY 294002respectively. To examine whether L-LTP was NMDA re-
ceptor dependent, D-2-amino-5-phosphonovaleate (70 M) completely blocked TS-induced L-LTP. The
fEPSP slopes at 1, 2, 3, and 4 hr after TS were 119% (D-APV, 50 M) was added to the perfusion medium 20
min before and 10 min after L-LTP induction. We found 7%, 109%  4%, 102%  6%, and 99%  7% (n  6)
of control, respectively (Figure 2B). We also performedthat L-LTP evoked by multiple trains of TS in this path-
way was blocked by D-APV (see also Huang and Kandel, control experiments to examine the effects of wortman-
nin and LY 294002 on basal synaptic transmission. Ap-1998). The slopes of fEPSP were 119%  5%, 87% 
PI-3 Kinase and Fear Conditioning
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Figure 4. PI-3 Kinase Activation Is Not Affected by the MEK Inhibitors
(A) Representative Western blots and densitometric analysis of PI-3 kinase activation. Slices were not treated (lane 1) or treated with forskolin
(50 M) for 15 min (lane 2) and in the presence of wortmannin (100 nM, lane 3), LY 294002 (70 M, lane 4), KT 5720 (1 M, lane 5), PD 098059
(50 M, lane 6), or U0126 (20 M, lane 7). **p  0.01 versus control.
(B) As a positive control, MAPK kinase activation was completely blocked by the MEK inhibitors. **p  0.01 versus control.
plication of wortmannin or LY 294002 for 30 min did not the role of PI-3 kinase in MAPK signaling pathway. In
these experiments, cytosolic fractions of LA and BLAsignificantly affect synaptic responses (95%  5% and
102% 4% of control, n 6 in each case). Furthermore, homogenates were immunoblotted with an antibody that
specifically recognizes dually phosphorylated MAPK (bothin three additional experiments in which several stimulus
intensities were applied, wortmannin or LY 294002 did p44 and p42 isoforms), as well as an antibody against
total MAPK. Figure 3A shows that TS led to a significantnot affect input-output relationship (n  3 in each case)
(Figure 2C). increase in the phosphorylation of p42 (148.8% 3.4%,
n  6, p  0.01) and p44 (158.7%  6.1%, n  6, p We assessed PI-3 kinase activity by Western blotting
after the induction of L-LTP. Slices were given four trains 0.01) compared with nontetanus controls. No changes
in the immunoreactivity against MAPK were detected,of TS and were removed from the recording chamber
10, 30, or 60 min after the last TS. PI-3 kinase activity suggesting that the total amounts of p44 and p42
MAPKs were not altered. We next determined the effectwas monitored by Western blot with -P-Akt antibody.
Figure 2D shows a transient increase of Akt phosphory- of PI-3 kinase inhibition on the TS-induced activation of
MAPK activity. Pretreatment of slices with LY 294002 (70lation after TS. The increase was significant at 10 and
30 min, but not at 60 min, after TS, compared with non- M) reduced p42 and p44 MAPK activation to 78.7% 
2.5% (n  6) and 83.1%  7.2% (n  6) of control,tetanus controls, which received low-frequency stimula-
tion (0.5 Hz, 13.3 min) without inducing L-LTP [F(3, 20) respectively (Figure 3A). In a similar manner, wortmannin
(100 nM) also blocked MAPK activation, indicating that34.81, p  0.001]. Pretreatment of amygdala neurons
with wortmannin (100 nM) or LY 294002 (70 M) com- PI-3 kinase is an early intermediate in the MAPK signal-
ing pathway.pletely blocked the activation of PI-3 kinase. The magni-
tudes of Akt phosphorylation in wortmannin or LY Several lines of evidence suggest that PKA is involved
in LTP and fear memory in the amygdala (Huang and294002 treated neurons were 85%  6% (n  6) and
92%  6% (n  6) of control, respectively. Kandel, 1998; Schafe and LeDoux, 2000). Indeed, in our
experimental condition, application of forskolin (50 M)
induced a long-lasting potentiation of synaptic re-PI-3 Kinase Is an Early Intermediate in the
Tetanus- and Forskolin-Mediated sponses. The slopes of fEPSP were 213%  18%,
201%  15%, 189%  16%, and 178%  17% (n  6)MAPK Signaling
Recent studies have demonstrated a critical role for the at 1, 2, 3, and 4 hr after the stimulation, respectively.
Given these observations, it is of interest to determineMAPK cascade in the consolidation of taste-aversion
memory (Berman et al., 1998), spatial learning (Blum et whether stimulation of PKA leads to PI-3 kinase activa-
tion and its relationship with MAPK. Figure 3B showsal., 1999), and fear conditioning (Atkins et al., 1998;
Schafe et al., 2000). We examined whether MAPK could that forskolin (50M) evoked an increase in the intensity
of the two immunodetectable bands of p42 (153.7% be activated by TS in our experimental conditions and
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Figure 5. Effect of Intraamygdala Adminis-
tration of Wortmannin on Fear Conditioning
(A) Potentiated startle reflex tested 24 hr after
conditioning in rats given intraamygdala infu-
sion of vehicle, 0.5, 1, 2, or 5 g wortmannin
(n  6 rats in each case). **p  0.01 versus
vehicle.
(B) Distribution of cannula tips in the amyg-
dala from rats infused with vehicle (white cir-
cle), 0.5 g wortmannin (black circle), 1 g
wortmannin (black triangle), 2 g wortmannin
(black square), or 5 g wortmannin (black
star). Adapted from Paxinos and Watson
(1986).
(C) Rats given intraamygdala infusion of vehi-
cle or wortmannin (5 g) were tested for fear-
potentiated startle at 1 and 24 hr after train-
ing. Wortmannin interfered with long-term but
not short-term memory.
(D) Cannula tip placements from rats infused
with vehicle (white circle) or 5 g wortmannin
(black star) in experiments (C).
(E) Rats, which have impaired memory after
drug infusion, could regain fear memory when
retrained 3 days after the initial testing.
(F) Cannula tip placements from rats infused
with vehicle (white circle) or 5 g wortmannin
(black star) in experiments (E).
8.7%, n  7, p  0.001) and p44 (168.0%  7.6%, n  54%  5%, n  6; U0126 treatment, 61%  6%, n 
6; p44, forskolin, 191%  18%, n  6; PD 098059 treat-7, p  0.001). The increase could be attributable to the
stimulation of PKA, because it was mimicked by Sp- ment, 79%  8%, n  6; U0126 treatment, 77%  9%,
n  6).cAMPS (50 M; P-42, 159.4%  7.1%; P-44, 164.6% 
7.6%, n  7, p  0.001) and blocked by KT 5720 (1
M). This result is consistent with the finding in the PI-3 Kinase Is Required for Fear Conditioning
To investigate whether the activation of PI-3 kinase washippocampus suggesting that stimulation of PKA leads
to MAPK activation (Roberson et al., 1999). Furthermore, not only correlated but also obligatory for fear memory,
we microinjected wortmannin (0.5, 1, 2, or 5g dissolvedpretreatment of slices with wortmannin (100 nM) or LY
294002 (70 M) completely blocked a forskolin-elicited in 1.6 l DMSO, 0.8 l per side) bilaterally into the LA
or BLA 30 min before training. Fear retention was testedincrease in MAPK phosphorylation (Figure 3B). The di-
rect upstream activator of MAPK is MAPK kinase (MEK), 24 hr after training. Figure 5A shows that wortmannin
dose dependently impaired fear memory. The analysisand PD 098059 and U0126 are the specific inhibitors of
MEK (Seger and Krebs, 1995). As expected, forskolin- of variance (ANOVA) for startle scores revealed a signifi-
cant effect for dose [F(4, 25) 8.10; p  0.001]. Newman-induced PI-3 kinase activation could be blocked by wort-
mannin, LY 294002, or KT 5720 (Figure 4A). However, it Keuls t tests revealed that significant differences existed
between vehicle control and the high doses (2 and 5 g)was not affected by PD 098059 or U0126 (forskolin,
178.0%  27.8%, n  6; PD 098059 treatment, 196%  of wortmannin (p  0.01), whereas no differences were
detected between control and low doses (0.5 and 1 g;19%, n  6; U0126 treatment, 190%  26%, n  6)
(Figure 4A), arguing against an involvement of MEK in p  0.05). The infusion cannula tip locations are shown
in Figure 5B. Only rats with cannula tips at or within thethe activation of PI-3 kinase. As a positive control, Figure
4B shows that PD 098059 (50 M) or U0126 (20 M) boundaries of LA and BLA were included in the data
analysis.completely blocked PKA-induced activation of MAPK
(p42, forskolin, 179% 8%, n 6; PD 098059 treatment, To assess whether wortmannin affects short-term
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ioral training-induced activation of PI-3 kinase (p0.005
versus vehicle, n  6 rats). These results suggest that
wortmannin impaired fear memory at the same dose
that blocked Akt phosphorylation induced by fear condi-
tioning.
CREB Phosphorylation-Induced by TS, PKA,
or Conditioning Is Mediated through a PI-3
Kinase-Dependent Mechanism
The induction of L-LTP and consolidation of fear mem-
ory is thought to involve gene expression associated
with transactivation of CREB (Impey et al., 1998b; Huang
et al., 2000; Josselyn et al., 2001). Using an antibody
that detects CREB when it is phosphorylated on the
regulated site Ser133 (anti-pCREB), we examined CREB
phosphorylation in three ways. First, slices were given
four trains of TS, and 10 min after the last TS, nuclear
extracts from the lateral and basolateral subregions of
amygdala were analyzed by Western blotting. Second,
Figure 6. Wortmannin Blocks Fear Conditioning-Induced PI-3 Ki- we perfused the slices with forskolin (50 M) for 15 min
nase Activation and monitored CREB phosphorylation 10 min after the
Representative blots and densitometric analysis of PI-3 kinase acti- washout of forskolin. Third, rats were infused bilaterally
vation from unpaired control (lane 1) or conditioned rats given intra- with vehicle, wortmannin (5 g dissolved in 1.6 l di-
amygdala infusion of vehicle (n  6) (lane 2) or 5 g wortmannin
methyl sulfoxide [DMSO], 0.8 l per side), or LY 294002(n  6, lane 3). Wortmannin was bilaterally infused 30 min prior to
(30 g dissolved in 1.6 l DMSO, 0.8 l per side) 30 mintraining, and immunoblotting for P-Akt was performed 10 min after
before training. Ten minutes after training, animals weretraining.
sacrificed, and the tissue of amygdala was removed for
subsequent analysis. Representative immunoblots and
densitometric analysis of the data are shown in Figurememory, rats were administered with 5 g wortmannin,
7. We found that there is a significant increase in P-CREBand a retention test was performed 1 hr after fear condi-
immunoreactivity in tetanic (274.7%  17.6%, n  6tioning. Figure 5C shows that when tested 1 hr after
rats, p  0.01) and forskolin-treated slices (266.1% training, rats did not appear to show deficits in fear
26.2%, n  7 rats, p  0.01) (Figures 7A and 7B). Simi-memory (130.7% 28.8% of increase, n 6 rats). How-
larly, immunoblotting of neuronal nuclear fraction fromever, in the same rats tested 24 hr after conditioning,
conditioned rats depicted an increased phosphorylationthere was a significant effect for drug treatment
of CREB (250.0%  13.8%, n  6 rats, p  0.001) in the(17.5% 12.5% of increase, n 6 rats, p 0.01 versus
amygdala neurons (Figure 7C). The increases in immu-1 hr test). In contrast, control rats that received vehicle
noreactivity by TS, forskolin, or behavioral training wereonly exhibited normal startle reflex. Cannula tip place-
completely blocked by the PI-3 kinase inhibitors. Thesements in these experiments are shown in Figure 5D.
results suggest that CREB phosphorylation is depen-To exclude the possible toxic effect of wortmannin
dent on PI-3 kinase-mediated cascade.on the amygdala, rats that received 5 g wortmannin
or vehicle 30 min before training on day 1 were tested
for retention 24 hr later (day 2). As can be seen in Figure Discussion
5E, the wortmannin group exhibited a significantly lower
degree of startle reflex. Three days after testing, this PI-3 kinase has widely been implicated as an intracellu-
lar transducer of survival signals initiated by variousgroup was subsequently retrained without drug treat-
ment. Thus, on day 5, the animals were presented with growth factors (Yao and Cooper, 1995; Dudek et al.,
1997; Miller et al., 1997). The results presented in thisa light and foot shock and were then tested for fear
retention 24 hr later (day 6). As shown in Figure 5E, rats study provide the first evidence of a requirement of PI-3
kinase activation in the amygdala for memory consolida-that had impaired memory caused by drug treatment
(26.7%  2.6% increase, n  6) now exhibited a normal tion and synaptic plasticity. First, behavioral training in
a fear memory task was accompanied by a transientlevel of startle reflex (103.7%  9.9%, n  6, p  0.01).
These results suggest that the effect of wortmannin was activation of PI-3 kinase. The control group that received
CS and US in an unpaired fashion did not present anyreversible and appeared not to cause permanent impair-
ment on the amygdala function. Figure 5F illustrates the increase, indicating that PI-3 kinase activation is specific
to the learning component of the task. In addition, thiscannula tip locations in these experiments.
To confirm that wortmannin was indeed capable of activation was restricted to the amygdala, but not the
hippocampus or cerebellum. However, only a single timeinhibiting fear-induced PI-3 kinase activation in the
amygdala in vivo, we bilaterally infused wortmannin or point (10 min after training when Akt phosphorylation
reached its peak in the amygdala) was tested for thevehicle 30 min prior to training. Immunoblotting for P-Akt
was performed 10 min after training from tissues of the hippocampus and cerebellum. Therefore, it is possible
that learning-related Akt phosphorylation may occur inLA and BLA surrounding the cannula tips. As shown in
Figure 6, wortmannin also significantly inhibited behav- these areas at other time points that we have not exam-
Neuron
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Figure 7. PI-3 Kinase-Dependent Phosphorylation of CREB
(A) Slices were divided into four groups: nontetanus (lane 1) or given four trains of TS in the absence (lane 2) or presence of LY294002 (70
M, lane 3) or wortmannin (100 nM, lane 4). Slices were removed from the recording chamber 10 min after the TS for subsequent Western
blotting analysis. **p  0.01 versus nontetanus control.
(B) Slices were not treated (lane 1) or treated with forskolin (50 M, lane 2) or Sp-cAMPS (50 M, lane 3) for 15 min. Ten minutes after washout
of forskolin, nuclear extracts from the lateral and basolateral subregions of amygdala were analyzed by Western blotting. CREB phosphorylation
induced by forskolin was abolished in the presence of LY294002 (70 M, lane 4), wortmannin (100 nM, lane 5), or KT 5720 (1 M, lane 6).
**p  0.01 versus control.
(C) Rats were sacrificed 10 min after training, and the nuclear extracts of the amygdala were analyzed. Conditioned rats treated with vehicle
only exhibited a greater degree of CREB phosphorylation (lane 2) compared with unpaired controls (lane 1). Bilateral infusion of LY 294002
(lane 3) or wortmannin (lane 4) 30 min prior to training blocked conditioning-induced CREB phosphorylation. ***p  0.001 versus unpaired
control.
(D) Cannula tip placements from rats infused with vehicle (white circle), 30 g LY 294002 (black circle), or 5 g wortmannin (black triangle)
in experiments (C).
ined. Second, PI-3 kinase was activated following multi- A recent study has reported that mice with a null
mutation of the PI-3 kinase () locus by gene targetingple trains of TS, which reliably induced L-LTP in this
area of the brain. L-LTP is thought to require de novo performed a normal Morris water maze test (Jun et al.,
1998). It is likely that these two forms of memory, fear-mRNA transcription and protein synthesis (Nguyen et
al., 1994; Frey et al., 1993). The inhibition of L-LTP was potentiated startle and Morris water maze, may use dif-
ferent neural pathways and signal cascades. It wouldin parallel to those of blockade of PI-3 kinase activation
as well as of long-term fear memory by PI-3 kinase be of interest for the future study to determine whether
animals deficient in particular isoforms of PI-3 kinaseinhibitors. Third, activation of MAPK by stimulation of
PKA or by TS was reduced by wortmannin or LY 294002, exhibit impairment in fear memory.
Many of the signaling cascades involved in the induc-suggesting that PI-3 kinase is an early intermediate in
the PKA-mediated MAPK signaling pathway. In addition, tion of LTP may converge on and activate MAPK. For
example, it was shown that LTP in hippocampal CA1TS, forskolin, and fear training led to CREB phosphoryla-
tion, which was dependent on PI-3 kinase activation. neurons was associated with an increase in active MAPK
(English and Sweatt, 1996; Wu et al., 1999; KanterewiczFinally, the time course of PI-3 kinase activation after
fear conditioning in vivo matched closely with that in- et al., 2000) and was blocked by MEK inhibitors (English
and Sweatt, 1997; Impey et al., 1998a; Coogan et al.,duced by TS in the in vitro slice preparation.
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1999; Kanterewicz et al., 2000). Mice that lack the neu- phosphorylation, resulting in the initiation of gene tran-
ronal-specific exchange factor Ras-guanine nucleotide- scription and translation.
releasing factor (Ras-GRF) were severely impaired in
Experimental Proceduresemotional learning and exhibited a marked deficiency
in LTP in the basolateral amygdala neurons (Brambilla
Surgeryet al., 1997). Ras-GRF is a potent activator of MAPK
Rats, anesthetized with sodium pentobarbital (50 mg/kg, intraperito-
signaling, suggesting a role for the Ras/MAPK cascade neally), were mounted on a stereotaxic apparatus, and two cannulae
in memory formation in the amygdala. In accordance made of 23-gauge stainless steel tubing were implanted bilaterally
into the LA or BLA. The coordinates were AP 	2.3 mm, ML 4.5with previous studies (Roberson et al., 1999; Huang et
mm, DV 	7.0 mm according to Paxinos and Watson (1986). Threeal., 2000; Schafe et al., 2000), our biochemical analysis
jewelry screws were implanted over the skull serving as anchors,showed that MAPK is activated following TS or applica-
and the whole assembly was affixed on the skull with dental cement.tion of forskolin. Importantly, activation of MAPK was
A 28-gauge dummy cannula was inserted into each cannula to pre-
completely blocked by PI-3 kinase inhibitors, sug- vent clogging. The rats were monitored and handled daily and were
gesting that PI-3 kinase couples TS or PKA to MAPK given 5–7 days to recover.
activation. Furthermore, forskolin-induced activation of
Slice Preparation and Electrophysiological RecordingsPI-3 kinase was not reduced by MEK inhibitors, indicat-
Male Sprague-Dawley 4- to 5-week-old rats were decapitated, anding that PI-3 kinase may be an upstream regulator of
their brains were rapidly removed and placed in cold oxygenatedMEK in the PKA-mediated MAPK signaling.
artificial cerebrospinal fluid (ACSF) solution. Subsequently, the brainThere is some discrepancy in the literature with regard
was hemisected and cut transversely posterior to the first branch
to the relevance of PI-3 kinase for the activation of and anterior to the last branch of the superior cerebral vein. The
MAPK. The PI-3 kinase/Akt pathway has been shown resulting section was glued to the chuck of a Vibroslice tissue slicer
to inhibit the Raf/MAPK pathway, resulting in the switch (Campden Instruments, Silbey, UK). Transverse slices of 450 m
thickness were cut, and the appropriate slices were placed in aof the biological responses from growth arrest to prolif-
beaker of oxygenated ACSF at room temperature for at least 1 hreration in human embryonic kidney (HEK 293) cells and
before recording. ACSF solution had the following composition (inmodulation of senescence or differentiation in C2C12
mM): NaCl 117, KCl 4.7, CaCl2 2.5, MgCl2 1.2, NaHCO3 25, NaH2PO4myoblasts (Rommel et al., 1999; Zimmermann and Moel- 1.2, and glucose 11. The ACSF was bubbled continuously with 95%
ling, 1999). On the other hand, G
-stimulated MAPK O2/5% CO2 and had a pH of 7.4. A single slice was transferred to
activation is blocked by the PI-3 kinase inhibitors or by the recording chamber, in which it was held submerged between two
nylon nets and maintained at 32C 1C. The chamber consisted ofoverexpression of a dominant negative mutant of the
a circular well of a low volume (1–2 ml) and was perfused constantlyp85 subunit of PI-3 kinase in COS-7 and Chinese ham-
at a rate of 2–3 ml/min. In most experiments, bicuculline (1 M) wasster ovary cells, suggesting that PI-3 kinase mediates
present in the perfusion solution. Extracellular field potentials wereG
-dependent regulation of MAPK signaling pathway made by electrical stimulation of the external capsule, which con-
(Hawes et al., 1996; Lopez-Ilasaca et al., 1997). In pri- tained fibers from the auditory cortex to the LA, with a concentric
mary cultures of mouse striatal neurons, -amino-3- bipolar stimulating electrode (SNE-100; Kopf Instruments, Bern,
hydroxy-5-methyl-4-isoxazolepropionic acid can acti- Germany). Electrical stimuli (150 ms in duration) were delivered at
a frequency of 0.05 Hz. Baseline field potentials were adjusted tovate MAPK after blocking -amino-3-hydroxy-5-methyl-
30%–40% of the maximal responses. L-LTP was elicited by four4-isoxazolepropionic acid receptor desensitization with
trains of tetanus (100 Hz, 1 s at 3 min intervals) at the same stimula-cyclothiazide. The activation of MAPK was blocked by
tion intensity used for baseline. Control slices received low-fre-
wortmannin or LY 294002, revealing an essential role quency stimulation (0.5 Hz for 13.3 min) to match the number of
for PI-3 kinase (Perkinton et al., 1999). stimulation without producing L-LTP. All data were expressed as
Long-term memory formation requires the onset of mean  SEM. The data were analyzed with analysis of variance,
Newman-Keuls t test, or Student’s t test, and p  0.05 was consid-transcriptional and translational machinery (Davis and
ered statistically significant.Squire, 1984) and is associated with an increase in the
phosphorylation state of CREB and CRE-mediated gene
Fear Conditioningexpression (Bernabeu et al., 1997; Impey et al., 1998b).
Fear conditioning was measured using the potentiated startle para-We evaluated whether CREB is a downstream target of
digm (Cassella and Davis, 1986). Male Sprague-Dawley rats (100–
the PI-3 kinase and found that PI-3 kinase inhibitors 150 g) were trained and tested in a startle chamber (San Diego
blocked TS-, forskolin- and conditioning-mediated CREB Instruments, San Diego, CA), in which cage movement results in the
phosphorylation. This observation, coupled with previ- displacement of an accelerometer. Startle amplitude was defined as
peak accelerometer voltage within 200 ms after startle stimulusous findings of a necessity of PKA, MAPK, and CREB
onset. The acoustic startle stimulus was a 50 ms white noise at theactivation for L-LTP and long-term fear memory forma-
intensity of 95 dB. The visual CS was a 3.7 s light produced by antion (Impey et al., 1998a; Huang et al., 2000; Schafe et
8 W fluorescent bulb attached to the back of a stabilimeter. Theal., 2000), suggests that PI-3 kinase plays an obligatory
US, which serves as the aversive component necessary for fear
role in the induction of L-LTP and fear memory in the conditioning, was a 0.6 mA footshock with a duration of 0.5 s. On
amygdala. the training day, rats were placed in the startle chamber and received
In conclusion, in an intriguing parallel, the present 10 CS-footshock pairings. Unpaired controls received the same
number of CS and US presentation, but in an unpaired pseudoran-results show stimuli that generate L-LTP in slices or
dom fashion.elicit fear acquisition in animals activate PI-3 kinase in
the amygdala. In addition, we have shown that PI-3
Western Blot Analysiskinase is required for TS- and PKA-mediated MAPK and
Unless noted in the experiments, the conditioned or unpaired control
CREB phosphorylation at a point upstream of MEK acti- animals were sacrificed by decapitation at 10 min after training. The
vation. Thus, these data demonstrate that L-LTP and lateral and basolateral subregions of the amygdala were sonicated
fear memory formation in the amygdala requires activa- briefly in ice-cold buffer (50 mM Tris-HCl [pH 7.5], 50 mM NaCl, 10
mM EGTA, 5 mM ethylenediaminetetraacetic acid, 2 mM sodiumtion of PI-3 kinase, which may lead to MAPK and CREB
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pyrophosphate, 4 mM para-nitrophenylphosphate, 1 mM sodium Blum, S., Moore, A.N., Adams, F., and Dash, P.K. (1999). A mitogen-
activated protein kinase cascade in the CA1/CA2 subfield of theorthovanadate, 1 mM phenylmethylsulfonyl fluoride [PMSF], 20
g/ml leupeptin, and 4 g/ml aprotinin). In the 100 Hz LTP and dorsal hippocampus is essential for long-term spatial memory. J.
Neurosci. 19, 3535–3544.forskolin LTP experiments, slices were removed from the recording
chamber 10 min after the last TS or the washout of forskolin. Follow- Brambilla, R., Gnesutta, N., Minichiella, L., White, G., Roylance, A.J.,
ing sonication, the soluble extract was obtained after pelleting the Herron, C.E., Ramsey, M., Wolfer, D.P., Cestari, V., Arnaud, C.R., et
crude membrane fraction by centrifugation at 50,000  g at 4C. al. (1997). A role for the Ras signaling pathway in synaptic transmis-
Protein concentration in the soluble fraction was then measured sion and long-term memory. Nature 390, 281–286.
using a Bradford assay, with bovine serum albumin as the standard.
Campeau, S., and Davis, M. (1995). Involvement of subcortical and
Equivalent amounts of protein for each sample were resolved in
cortical afferents to the lateral nucleus of the amygdala in fear condi-
8.5% sodium dodecyl sulfate (SDS)-polyacrylamide gels, blotted
tioning measured with auditory and visual conditioned stimuli. J.
electrophoretically to Immobilon, and blocked overnight in TTBS
Neurosci. 15, 2312–2327.
buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% Tween 20)
Cassella, J.V., and Davis, M. (1986). The design and calibration ofcontaining 3% bovine serum albumin. For detection of the phos-
a startle measurement system. Physiol. Behav. 36, 377–383.phorylated forms of MAPK and Akt, blots were incubated with anti-
Coogan, A.N., O’Leary, D.M., and O’Connor, J.J. (1999). P42/44phospho-ERK (anti-P-ERK; New England Biolabs, Beverly, MA) and
MAPK kinase inhibitor PD98059 attenuates multiple forms of synap-anti-P-Akt (New England Biolabs) antibodies, respectively. To con-
tic plasticity in rat dentate gyrus in vitro. J. Neurophysiol. 81,trol the content of the specific protein per lane, membranes were
103–110.stripped with 100 mM 
-mercaptoethanol and 2% SDS in 62.5 mM
Tris-HCl (pH 6.8) for 30 min at 70C and reprobed with a mouse Crowder, R.J., and Freeman, R.S. (1998). Phosphatidylinositol
monoclonal anti-pan-ERK (BD Transduction Laboratories, Los 3-kinase and Akt protein kinase are necessary and sufficient for the
Angeles, CA) antibody or a rabbit anti-pan-Akt (BD Transduction survival of nerve growth factor-dependent sympathetic neurons. J.
Laboratories) antibody. An enhanced chemiluminescence kit (NEN Neurosci. 18, 2933–2943.
Life Science Products, Boston, MA) was used for detection. Western
Davis, H.P., and Squire, L.R. (1984). Protein synthesis and memory:
blots were developed in the linear range used for densitometry. The
a review. Psychol. Bull. 96, 518–559.
density of the immunoblots was determined by an image analysis
Davis, M., Falls, W.A., Campeau, S., and Kim, M. (1993). Fear-poten-system installed with a software BIO-ID (Vilber Lourmat, Marne-la-
tiated startle: a neural and pharmacological analysis. Behav. BrainValee, France). To assess for changes in the activation of PI-3 kinase,
Res. 58, 175–198.MAPK, and CREB, total kinase levels were first normalized to total
Davis, M., Rainnie, D., and Cassell, M. (1994). Neurotransmission inprotein levels for each sample. In some experiments, results were
the rat amygdala related to fear and anxiety. Trends Neurosci. 17,expressed by the ratio of activated kinase levels to total kinase
208–214.levels. However, in most experiments, activated kinase levels in
trained animals, tetanized or forskolin-treated slices were normal- Dudek, H., Datta, S.R., Franke, T.F., Bimbaum, M.J., Yao, M., Coo-
ized to total kinase levels and then were expressed as a percentage per, G.M., Segal, R.A., Kaplan, D.R., and Greenberg, M.E. (1997).
of those in controls, respectively. Regulation of neuronal survival by the serine-threonine protein ki-
nase Akt. Science 275, 661–665.
Nuclear Extract Preparation English, J.D., and Sweatt, J.D. (1996). Activation of p42 mitogen-
After the rats were killed, the brains were rapidly removed, and the activated protein kinase in hippocampal long-term potentiation. J.
LA and BLA were dissected out, pooled, and homogenized in ice- Biol. Chem. 271, 24329–24332.
chilled buffer (20 mM Tris-HCl [pH 7.4], 0.32 M sucrose, 1 mM
English, J.D., and Sweatt, J.D. (1997). A requirement for the mitogen-ethylenediaminetetraacetic acid, 1 mM EGTA, 1 mM PMSF, 10 g/
activated protein kinase cascade in hippocampal long-term potenti-ml aprotinin, 15 g/ml leupeptin, 50 mM NaF, and 1 mM sodium
ation. J. Biol. Chem. 272, 19103–19106.orthovanadate). The homogenate was centrifuged for 10 min at
Fendt, M., and Fanselow, M.S. (1999). The neuroanatomical and900  g, and the obtained nuclear pellet was resuspended in buffer
neurochemical basis of conditioned fear. Neurosci. Behav. Rev. 23,containing 20 mM Tris-HCl (pH 7.4), 1 mM PMSF, 50 mM NaF, and
743–760.1 mM sodium orthovanadate. Equal amounts of nuclear extracts
were subjected to SDS-polyacrylamide gel electrophoresis (10% Filippa, N., Sable, C.L., Filloux, C., Hemmings, B., and Van Obber-
gels), and immunoblots was performed with anti-CREB (New En- ghen, E. (1999). Mechanism of protein kinase B activation by cyclic
gland Biolabs) and anti-P-CREB (New England Biolabs) antibodies, AMP-dependent protein kinase. Mol. Cell. Biol. 19, 4989–5000.
respectively. Frey, U., Huang, Y.Y., and Kandel, E.R. (1993). Effect of cAMP simu-
lates a late stage of LTP in hippocampal CA1 neurons. Science 260,
Acknowledgments 1661–1664.
Hawes, B.E., Luttrell, L.M., van Biesen, T., and Lefkowitz, R.J. (1996).This study was supported by the Academic Excellence Program of
Phosphatidylinositol 3-kinase is an early intermediate in the G
-the Ministry of Education (89-B-FA08-1-4) of Taiwan, Republic of
mediated mitogen-activated protein kinase signaling pathway. J.China.
Biol. Chem. 271, 12133–12136.
Huang, Y.-Y., and Kandel, E.R. (1998). Postsynaptic induction andReceived January 4, 2001; revised June 25, 2001.
PKA-dependent expression of LTP in the lateral amygdala. Neuron
21, 169–178.References
Huang, Y.-Y., Martin, K.C., and Kandel, E.R. (2000). Both protein
kinase A and mitogen-activated protein kinase are required in theAtkins, C.M., Selcher, J.C., Petraitis, J.J., Trzaskos, J.M., and
amygdala for the macromolecular synthesis-dependent late phaseSweatt, J.D. (1998). The MAPK cascade is required for mammalian
of long-term potentiation. J. Neurosci. 20, 6317–6325.associative learning. Nat. Neurosci. 7, 602–609.
Impey, S., Obrietan, K., Wong, S.T., Poser, S., Yano, S., Wayman,Berman, D.E., Hazvi, S., Rosenblum, K., Seger, R., and Dudai, Y.
G., Deloulme, J.C., Chan, G., and Storm, D.R. (1998a). Cross talk(1998). Specific and differential activation of mitogen-activated pro-
between ERK and PKA is required for Ca2 stimulation of CREB-tein kinase cascades by unfamiliar taste in the insular cortex of the
dependent transcription and ERK nuclear translocation. Neuron 21,behaving rat. J. Neurosci. 18, 10037–10044.
869–883.Bernabeu, R., Bevilaqua, L., Ardenghi, P., Bromberg, E., Schmitz,
P., Bianchin, M., Izquierdo, I., and Medina, J.H. (1997). Involvement Impey, S., Smith, D.M., Obrietan, K., Donahue, R., Wade, C., and
Storm, D.R. (1998b). Stimulation of cAMP response element (CRE)-of hippocampal cAMP/cAMP-dependent protein kinase signaling
pathways in a late memory consolidation phase of aversively moti- mediated transcription during contextual learning. Nat. Neurosci. 1,
595–601.vated learning in rats. Proc. Natl. Acad. Sci. USA 94, 7041–7046.
PI-3 Kinase and Fear Conditioning
851
Josselyn, S.A., Shi, C., Carlezon, W.A., Jr., Neve, R.L., Nestler, E.J., Comella, J.X. (1999). Receptors of the glial cell line-derived neuro-
tropic factor family of neurotropic factors signal cell survival throughand Davis, M. (2001). Long-term memory is facilitated by cAMP
response element-binding protein overexpression in the amygdala. the phosphatidylinositol 3-kinase pathway in spinal cord motoneu-
rons. J. Neurosci. 19, 9160–9169.J. Neurosci. 21, 2404–2412.
Weisskopf, M.G., Bauer, E.P., and LeDoux, J.E. (1999). L-type volt-Jun, K., Choi, G., Yang, S.-G., Choi, K.Y., Kim, H., Chan, G.C.K.,
age-gated calcium channels mediate NMDA-independent associa-Storm, D.R., Albert, C., Mayr, G.W., Lee, C.-J., et al. (1998). Enhanced
tive long-term potentiation at thalamic input synapses to the amyg-hippocampal CA1 LTP but normal spatial learning in inositol 1,4,5-
dala. J. Neurosci. 19, 10512–10519.triphosphate 3-kinase(A)-deficient mice. Learning Mem. 5, 317–330.
Wu, S.P., Lu, K.T., Chang, W.C., and Gean, P.W. (1999). InvolvementKandel, E.S., and Hay, N. (1999). The regulation and activities of the
of mitogen-activated protein kinase in hippocampal long-term po-multifunctional serine/threonine kinase Akt/PKB. Exp. Cell Res. 253,
tentiation. J. Biomed. Sci. 6, 409–417.210–229.
Wymann, M.P., and Pirola, L. (1998). Structure and function of phos-Kanterewicz, B.I., Urban, N.N., McMahon, D.B.T., Norman, E.D., Gif-
phoinositide 3-kinases. Biochem. Biophys. Acta 1436, 127–150.fen, L.J., Favata, M.F., Scherie, P.A., Traskos, J.M., Barrionuevo,
G., and Klann, E. (2000). The extracellular signal-regulated kinase Yao, R.J., and Cooper, G.M. (1995). Requirement for phosphatidyl-
cascade is required for NMDA receptor-independent LTP in area inositol 3-kinase in the prevention of apoptosis by nerve growth
CA1 but not area CA3 of the hippocampus. J. Neurosci. 20, 3057– factor. Science 267, 2003–2006.
3066. Zimmermann, S., and Moelling, K. (1999). Phosphorylation and regu-
Kelly, A., and Lynch, M.A. (2000). Long-term potentiation in dentate lation of Raf by Akt (protein kinase B). Science 286, 1741–1744.
gyrus of the rat is inhibited by the phosphoinositide 3-kinase inhibi-
tor, wortmannin. Neuropharmacology 39, 643–651.
LeDoux, J.E. (1994). The amygdala: contributions to fear and stress.
Semin. Neurosci. 6, 231–237.
LeDoux, J.E., Cicchetti, P., Xagoraris, A., and Romanski, L.M. (1990).
The lateral amygdaloid nucleus: sensory interface of the amygdala
in fear conditioning. J. Neurosci. 10, 1062–1069.
Lopez-Ilasaca, M., Crespo, P., Pellici. P.G., Gutkind, J.S., and Wetz-
ker, R. (1997). Linkage of G protein-coupled receptors to the MAPK
signaling pathway through PI 3-kinase. Science 275, 394–397.
Maren, S. (1999). Long-term potentiation in the amygdala: a mecha-
nism for emotional learning and memory. Trends Neurosci. 22,
561–567.
McKernan, M.G., and Shinnick-Gallagher, P. (1997). Fear condition-
ing induces a lasting potentiation of synaptic currents in vitro. Nature
390, 607–610.
Miller, T.M., Tansey, M.G., Johnson, E.M., and Greedon, D.J. (1997).
Inhibition of phosphatidylinositol 3-kinase activity blocks depolar-
ization and insulin-like growth factor I-mediated survival of cerebel-
lar granule cells. J. Biol. Chem. 272, 9847–9853.
Nguyen, P.V., Abel, T., and Kandel, E.R. (1994). Requirement of a
critical period of transcription for induction of a late phase of LTP.
Science 265, 1104–1107.
Paxinos, G., and Watson, C. (1986). The Rat Brain in Stereotaxic
Coordinates (New York: Academic Press).
Perkinton, M.S., Sihra, T.S., and Williams, R.J. (1999). Ca2-perme-
able AMPA receptors induce phosphorylation of cAMP response
element-binding protein through a phosphatidylinositol kinase sig-
naling cascade in neurons. J. Neurosci. 19, 5861–5874.
Roberson, E.D., English, J.D., Adams, J.P., Selcher, J.C., Kondratick,
C., and Sweatt, J.D. (1999). The mitogen-activated protein kinase
cascade couples PKA and PKC to cAMP response element binding
protein phosphorylation in area CA1 of hippocampus. J. Neurosci.
19, 4337–4348.
Rogan, M.T., Staubli, U.V., and LeDoux, J.E. (1997). Fear condition-
ing induces associative long-term potentiation in the amygdala. Na-
ture 390, 604–607.
Rommel, C., Clarke, B.A., Zimmermann, S., Nunez, L., Rossman, R.,
Reid, K., Moelling, K., Yancopoulos, G.D., and Glass, D.J. (1999).
Differentiation stage-specific inhibition of the Raf-MEK-ERK path-
way by Akt. Science 286, 1738–1741.
Schafe, G.E., and LeDoux, J.E. (2000). Memory consolidation of
auditory Pavlovian fear conditioning requires protein synthesis and
protein kinase A in the amygdala. J. Neurosci. 20, RC96.
Schafe, G.E., Atkins, C.M., Swank, M.W., Bauer, E.P., Sweatt, J.D.,
and LeDoux, J.E. (2000). Activation of ERK/MAPK kinase in the
amygdala is required for memory consolidation of Pavlovian fear
conditioning. J. Neurosci. 20, 8177–8187.
Seger, R., and Krebs, E.G. (1995). The MAPKs signaling cascade.
FASEB J. 9, 726–735.
Soler, R.M., Dolcet, X., Encinas, M., Egea, J., Bayascas, J.R., and
